Abstract-In order to analyze the influence of three-phase asymmetrical operation of a generator on its stable operation, firstly, taking a 24-MW bulb turbine generator as an example, the 2-D transient electromagnetic field model is established. Through the comparison analysis of the experimental results and simulation data, the correctness of the model is verified. Secondly, the values of air gap flux density, torque and loss in different conditions are obtained by using the finite element method. The effects of asymmetric three-phase current on air gap flux density, torque and loss are determined. Thirdly, the corresponding relationships between the three-phase current unbalance degree and torque ripple, eddy current loss are established, and the variations of torque ripple and eddy current loss are given when the three-phase current unbalance degree is changed. The result shows that the asymmetry three-phase current makes the torque ripple and eddy current loss increase dramatically, which seriously threaten the safe and stable operation of the generator. Finally, the further study on the torque ripple and eddy current loss of the generator under different current distributions and the same three-phase unbalance degree identifies that the content of negative sequence current is a key factor to affect the torque ripple and eddy current loss.
INTRODUCTION
The asymmetrical operation of the synchronous hydro generator is inevitable in the process of operation. The generator structure is three-phase symmetrical, and its three-phase electromotive force is also symmetrical. So, the main factor that leads to the asymmetrical operation of the synchronous hydro generator is the asymmetry of three-phase current [1] . In real life, the existence of asymmetrical load, such as the electric locomotive in transportation, the electric furnace in metallurgical factory and the asymmetrical impedance of three-phase lines, leads to the generation of asymmetrical current in power grid [2] [3] [4] [5] [6] [7] . Since the synchronous hydro generator is directly connected to the grid through the transformer, the influence of asymmetrical three-phase current on the generator is inevitable. The negative sequence current is existent in the armature windings when the generator is running at asymmetric condition, and it will affect the air-gap flux density, torques and eddy current loss of the generator. In recent years, the vibration of bulb turbine generator of the Chai J. X. hydropower station is serious [8, 9] . Fig. 1 shows the faults of the rotor that caused by vibration. Torque ripple is a main factor to cause generator vibration. Therefore, analyzing the torque ripple of the generator has a practical significance.
Some experts and scholars have carried out relevant researches on the asymmetrical operation of generator. In [10] , a stand-alone wind-based dual-stator-winding induction generator is presented when the external load is asymmetrical. In [11] , a new control system for unbalanced operation of induction generator is proposed. The experimental results show that the proposed control system has excellent performance. However, the study about the air gap magnetic field, torque and the change mechanism of the loss in damper bars when the generator is running at asymmetrical state is less. The energy conversion between stator and rotor is realized by the air gap magnetic field. The torque ripple and average torque of generator are respectively related to the stable operation and load capacity. The eddy current loss of the damper bars is the main loss of the generator, which directly determines the efficiency of the generator. Therefore, the study about the air gap flux density, torque and eddy current loss is extremely essential.
In this paper, a bulb turbine generator is taken as an example. According to the generator size, the transient electromagnetic field model of the generator was established by using finite element software. The various parameters were calculated based on finite element method. The variations of torque ripple and eddy current loss of the generator were studied when the generator was running at different conditions. At the same time, the electric current density distribution of the damping bars was also analyzed.
TWO-DIMENSIONAL MODEL OF THE GENERATOR
The research object of this paper is a 24-MW bulb turbine generator, and its model type is SFWG24-88/7820. For SFWG24-88/7820, the stator connection type is YY. An insulation class of the generator is F. The pole core is assembled by magnetic steel WDEL235. Some main parameters of the generator are shown in Table 1 .
Considering the symmetry properties of generator, the generator can be divided into 22 units. Therefore, according to the generator data of size, materials, rated parameters, etc., a unit generator model is established by using finite element software. The 2-D electromagnetic model of a unit generator is shown in Fig. 2 . The triangulation algorithm was adopted to analyze the generator model. The number of mesh elements is 39003.
For analyzing the mathematic model of electromagnetic field of the generator, the boundary conditions of the model are given [17] :
where μ is the material permeability; A z is the Z axis component of magnetic vector potential A; J z is the Z axis component of current density; σ(dA z /dt) is the eddy current density.
In order to verify the correctness of the model, the electromagnetic field distribution and operational characteristics of the generator were analyzed. When the generator was running at rated state, the distribution of the magnetic flux density was provided, as shown in Fig. 3 .
When the generator is running at various conditions, the operation characteristic parameters can be obtained through calculations. When the generator project was completed through assembly, a series tests had been made to evaluate the quality of the engineering, such as short-circuit test, test without load, test with load, DC voltage endurance test, and AC voltage endurance test.
The operating characteristic curves of the generator were drawn according to the simulation results and experimental data, as shown in Fig. 4 . In the figure, the horizontal coordinate is the value of the excitation current; the longitudinal coordinate on the left side is the induced phase voltage in the armature winding; the longitudinal coordinate on the right side is the armature current. Figure 3 shows that the magnetic field distribution of the generator is in agreement with the theory. Through analysis of the data in Fig. 4 , it can be known that the error between the simulation and experiment is within 7%, which meets the requirements of engineering research. Through the above analysis, the correctness of the model is verified. 
ANALYSIS ON THE STATE OF ASYMMETRIC OPERATION OF GENERATOR
Affected by external factors, it is inevitable that the generator was operated at asymmetrical state. The asymmetrical operation of the generator will result in the increase of torque ripple and decrease of power generation efficiency. The electromagnetic field of the generator under an asymmetrical condition is analyzed in Fig. 5 . In the figure,İ A ,İ B ,İ C are the phasors of three-phase current in the armature winding;İ A0 , I A+ ,İ A− are the components of zero, positive and negative sequence current phasors; α is the vector operator.
Three-phase asymmetrical operation of the generator includes long term three-phase asymmetric operation state and short term three-phase asymmetrical operation state. Long term three-phase asymmetrical operation is caused by unbalanced three-phase load and impedance of transmission lines. Short term three-phase asymmetrical operation is mainly caused by the non-full phase operation of power grid or generator.
Three-phase asymmetric operation is caused by the asymmetrical three-phase current. And the three-phase current unbalance degree is a characteristic parameter to measure the degree of asymmetrical three-phase current. The calculation method used in this paper is shown in Formula (2) [12] .
where, LUCR% is the three-phase current unbalance degree; I avg is the average value of three-phase current; I i corresponds to the valid values of I A , I B and I C , and I A , I B and I C denote the RMS values of the phase A, B and C currents. In this paper, keep the average current of three-phase current as a constant, that is, under the condition of the output power basically unchanged. The characteristics of the generator were studied in the following three kinds of asymmetrical conditions. In order to facilitate the analysis, the operation states of the generator were assumed as follows:
The first state: Three phase currents are equal (I A = I B = I C ); The second state: Two phase currents are equal and less than the third phase current (I A > I B = I C );
The third state: Two phase currents are equal and more than the third phase current (I A < I B = I C );
The fourth state: Keep one phase current as a constant, changing the currents of the other two phase currents (I A > I C > I B ).
When the short circuit faulted, non-full phase operation state or any other abnormal conditions occurred in the power system, which would cause the asymmetrical operation of the generator. Once the generator is running at asymmetrical state, there will be negative sequence current in the armature winding. The magnetic field generated by the negative sequence current will cut the damping bars at two times of the synchronous speed, and then generate double frequency eddy current in the damping bars. Although the generator could withstand a certain negative sequence current, its existence could cause a series of problems, such as loss increase, rotor temperature rise and torque ripple increase.
ANALYSIS OF THE EFFECTS OF ASYMMETRIC OPERATION ON THE GENERATOR

The Influence of the Asymmetrical Operation of the Generator on the Air Gap Magnetic Field
Air-gap flux density is an important parameter of synchronous generator [13, 14] . The air gap magnetic field of the generator is composed of main pole magnetic field and armature magnetic field. For a starwinding generator, when the generator is running at asymmetrical condition, the armature magnetic field is formed by positive sequence magnetic field and negative sequence magnetic field. Fig. 6 shows the magnetic flux density distributions of the generator when the generator is running at asymmetrical condition, and the current unbalance degree are 6% and 12%, respectively. . From Fig. 6 , it can be seen that the difference of the magnetic flux density distribution of the generator between these two situations is not obvious. When the current unbalance degree increases from 6% to 12%, the change value of the maximum magnetic flux density is 0.01 T.
Due to the influence of main pole magnetic field and armature magnetic field, the effect of negative sequence current is not obvious. Therefore, the negative sequence component is individually analyzed in the following part. It means that the influences of magnetic field and armature magnetic field on the generator are neglected. Taking the generator operating at the fourth state (I A > I C > I B ) as an example, the air gap flux density distributions of the generator are analyzed when the current unbalance degree are 6% and 12% respectively. The air gap flux density distributions of the generator at different conditions are shown in Fig. 7 . Figure 7 shows that the magnetic flux density generated by the negative sequence current increases obviously when the generator is running at unbalanced state, and the current unbalanced degree is increased from 6% to 12%. The difference of the magnetic flux density of the generator under these two conditions is about two times larger. The magnetic field in the generator is unsaturated when the impacts of the main pole magnetic field and armature magnetic field are neglected.
From the above analysis, it can be known that the intensity of the magnetic field generated by the negative sequence current increases linearly with the increase of the current unbalance degree when the magnetic saturation is not considered. However, the relationships between the magnetic field intensity and torque as well as the magnetic field intensity and eddy current loss are nonlinear. Therefore, the influences of the asymmetrical operation of generator on the torque and eddy current loss are more complicated, which are studied in detail in the following part.
The Influence of the Asymmetrical Operation of the Generator on the Torque
A circular rotating magnetic potential can be generated in the air gap when the symmetrical threephase current exists in the symmetrical three-phase windings. However, when the three-phase current is asymmetrical, the synthesized magnetic potential in the generator is composed by positive rotation magnetic potential and reverse rotation magnetic potential.
The size of the synthesized magnetic potential is periodic, and the frequency is two times of the rated frequency. The torque produced by the synthetic magnetic potential is also periodic, and the frequency of the alternating torque is 100 Hz. From above analysis, it can be known that the existence of negative sequence magnetic field will increase the generator vibration and even cause metal fatigue and mechanical damage. The torque waveforms of the generator at rated operation and asymmetrical operation (I A > I C > I B ) are analyzed, as shown in Fig. 8 shows that the torque ripple is small, and the variation is not obvious when the generator is running at rated condition. However, when the generator is running at asymmetrical condition, the generator torque is markedly increased. The torque ripple is periodic, and the fluctuation frequency is 100 Hz. When the three-phase current unbalance degree is 12%, the torque ripple is increased by 3.8 times compared with the rated condition. Through the above analysis, it can be known that the asymmetrical operation has a great impact on the generator torque.
The variations of the torque with three-phase current unbalance degree were analyzed when the generator was running at asymmetric conditions. Since the step selection of the finite element method will have a certain effect on the results of the torque, the sampling method was used to calculate the maximum, minimum and average values of the torque. The specific solutions are as follows:
1) When the generator was in stable operation, two periods torque waveform was selected for data acquisition. 2) Sort the collected data by size. Select five maximum and five minimum values, respectively, and their average values that were the maximum and minimum values of the torque.
3) The average torque of the generator can be gained by the mean value of all the values calculated by the software. The data of the generator torque are obtained through the simulation, sampling and calculation, as shown in Table 2 . From Table 2 , it can be seen that the torque ripple of the generator is increased significantly when the current in the armature winding is asymmetrical. When the three-phase current degree is 3%, and the generator is running at these three kinds of asymmetrical states, respectively (I A > I B = I C , I A < I B = I C and I A > I C > I B ), the torque ripple is increased by 94.8%, 65.8% and 97.2%, respectively. The variation curves of the generation torque ripple with the three-phase current unbalance degree are given, as shown in Fig. 9 .
The average torque of the generator has a tendency to decrease with the increase of the negative sequence current. However, when the unbalance degree reaches 12%, a decrease in average torque is still less than 1 . It shows that there is little influence on the average torque when the unbalance degree is within 12%. Figure 9 shows that the torque ripple increases slowly when the unbalance degree is within 3%, but when the unbalance degree is more than 3%, the torque ripple increases linearly with the increase of three-phase current unbalance degree. The increase of the torque ripple is most obvious when the generator is running at the fourth state (
For further analyze the changing mechanism of the torque ripple when the generator is running at asymmetrical states, the contents of negative sequence current in the armature winding under different conditions are calculated, as shown in Table 3 .
Comparing Table 2 with Table 3 , it can be known that the larger the negative sequence current is in the three-phase current, the greater the torque ripple is. When the unbalance degree is 12%, the Figure 9 . The curve of the torque ripple. Table 3 . The analysis of negative sequence current.
Unbalance degree
Amplitude of negative sequence current (A) content of the negative sequence current in these three kinds of asymmetrical states (I A > I B = I C , I A < I B = I C and I A > I C > I B ) are 6.06%, 5.94% and 6.98%, respectively. The change of negative sequence current content is corresponding to the change of the torque ripple. The above analysis shows that the negative sequence current is a key factor to affect the generator torque ripple.
The Influence of the Asymmetrical Operation of the Generator on the Eddy Current Loss
Electric Current Density Distribution of the Damper Winding
The excitation regulator and the governor out of control or a fault occurring during the operation of the generator will cause the vibration of the generator. For reducing the occurrence of the above situations, damping bars were arranged on the rotor poles, which could restrain the vibration of the generator [15, 16] . However, when the negative sequence current exists in the armature winding, the eddy current loss will be affected. The eddy current losses of the damper bars can be obtained by the following formula.
where J is the current density; σ is the conductivity of the material; V is the volume of damper bars. The distribution of the eddy current density is given in the following equation.
where J 0 is the current density; H 0 is the magnetic intensity; Δ is the skin depth of the magnetic field; x is the skin depth of the current density.
When the generator is running at rated state, taking its electric current density distribution and eddy current loss as a reference, the variation of electric current density distribution of damping bars was analyzed with the unbalance degree 12%. The electric current density distribution of two sets of damping bars at different conditions is analyzed, as shown in Fig. 10 . Figure 10 . Electric current density distribution of damping bars.
From Fig. 10 , it can be seen that the skin effect is obvious, and most of the eddy current is close to the damper slots. The electric current density of the damping bars is increased gradually when the generator is running at three kinds of asymmetric state respectively (I A > I B = I C , I A < I B = I C and I A > I C > I B ). When the generator is running at the fourth state (I A > I C > I B ), the increase of the electric current density of the damping bars is the most obvious. In these three damping bars, damper bar 3 gathered most of the eddy current. This provides a new idea for the optimal design of the damping bars in generator.
Analysis of the Eddy Current Loss
Eddy current density and eddy current loss are inseparable. Eddy current loss is the main loss of generator, which will affect the generator output power [17] . In order to further analyze the effect of the asymmetric operation of the generator on the eddy current loss, the detailed data about the eddy current loss of the generator under different operating conditions were obtained. The growth curves of eddy current loss with the unbalance degree are given in Fig. 11 .
From Fig. 11 , it can be known that with the increase of the unbalance degree, the increasing rate of eddy current loss is gradually increased. When the generator is running at these three kinds of Table 3 and Fig. 10 , it can be seen that the changes of the eddy current loss and negative sequence current content are consistent with each other. The above analysis further confirms that the negative sequence current is a substantive element to affect the eddy current loss.
CONCLUSION
In this paper, a 24-MW bulb turbine generator is taken as an example. The torque and eddy current loss of the generator under different conditions were analyzed by using finite element method. Through detailed analysis, the following conclusions are obtained.
1) When the generator is running at the rated state, the torque ripple is mainly affected by the slot harmonic magnetic field, and the variation is not obvious. When the generator is running at the asymmetric state, the magnetic field produced by the negative sequence current is the main factor to affect the torque ripple. The variation of the generator torque is periodic, and the frequency is 100 Hz.
2) The torque ripple increases nonlinearly with the increase of the three-phase current unbalance degree in general. The torque ripple increases slowly when the unbalance degree is less than 3%. However, when the unbalance degree is more than 3%, the torque ripple has a linear increasing trend. When the unbalance degree is 9% and the generator is running at these three kinds of asymmetric state respectively (I A > I B = I C , I A < I B = I C and I A > I C > I B ), the torque ripple is increased by 2.9 ∼ 3.3 times compared to the rated operation. 3) Under the same unbalance degree, the torque ripples caused by these three kinds of asymmetrical operation are different. When the generator is running at the fourth state (I A > I C > I B ), the torque ripple is 1 ∼ 1.2 times of the other two states (I A > I B = I C and I A < I B = I C ). 4) The eddy current loss increases slowly when the unbalance degree is less than 6%. However, when the unbalance degree is more than 6%, the increasing rate of the eddy current loss is obviously increased. When the unbalance degree is 12% and the generator is running at these three kinds of asymmetrical state respectively (I A > I B = I C , I A < I B = I C and I A > I C > I B ), the eddy current losses of the generator are increased by 8.1%, 7.8% and 10.7%, respectively.
